We study the effects of coal wettability on gas bubble/water two-phase flow behaviour in micro-cleats of the coal seam gas reservoir using a free energy based two-phase lattice Boltzmann model. The model is validated by comparison with analytical results and published results, and good agreement is achieved in general. Then we use this model to simulate bubble-water flow in both smooth capillary and a capillary with a narrow throat to systematically study the influences of contact angle, capillary pressure and bubble size on the flow behaviour. The simulation results indicate that both the bubble size and contact angle have significant impacts on the flow capacity of bubble and water, especially in a channel with a narrow throat. A decrease in water flow rate is observed when larger bubbles occur, and the water flow rate increases when the gas wettability becomes stronger. The bubble flow dynamics significantly influence the drainage of water and the further gas production.
Introduction
Coal seam gas (CSG), any naturally occurring gas trapped in underground coal seams by water and ground pressure, is regarded as a clean energy but also a major factor restricting coal mine safety (e.g. gas burst). Efficient gas drainage from extremely low permeable coal seam is crucial for resource utilisation, mining safety and environment protection. It is commonly agreed that the face/butt cleats (i.e. fractures in coal) are the main pathways for gas flowing into the wellbore. Since the cleat systems of most coal seams are initially saturated with water, the gas/water two-phase flow becomes a critical issue in CSG recovery , carbon dioxide (CO 2 ) enhanced CSG recovery and carbon storage in coal seams (Mavor et al., 2004) .
Several studies have been done to understand the two-phase flow physics in coal seams (Clarkson et al., 2011; Kalam et al., 2012; Karacan, 2013; Zhang et al., 2015) . However, most of them are either based on laboratory core flooding experiment data or field data, and they cannot explain the factors controlling the multiphase flow at pore scale (Dawe et al., 2011; Ofori et al., 2010; Shen et al., 2011) . To fill this knowledge gap, a detailed research of gas/water two-phase flow behaviours in coal seams at pore scale is essential.
Fluid flow capacity in coal seams depends on many factors including the effective stress, the geometry of the cleat, the flow pattern, the cleat network connectivity and the wettability of coal (Han et al., 2010; Nicholl et al., 2000; Su et al., 2001) . Among them, the coal wettability and fluid flow patterns have attracted increasing attentions during the last decade. The contact angle of the fluid interface with the coal surface is commonly used to quantify the coal wettability. The contact angle in the coal-water-CO 2 system with different pressures, coal rank and ash content has been studied (Kaveh et al., 2011; Sakurovs and Lavrencic, 2011) . Saghafi et al. (2014) measured the contact angles of CO 2 and CH 4 bubbles in water with coal from the Sydney Basin at different pressures. Later, Mahoney et al. (2015) used a microfluidic Cleat Flow Cell (CFC) instrument to investigate the effect of rank and lithotype on coal wettability. However, difficulties still exist to provide an in-depth understanding of the influences of coal wettability on gas/water flow at pore scale. Since most of the previous researches are confined to experimental work based on sessile drop experiments or wetting of particles, the gas water two-phase flow dynamic across coal cleats with different wetting properties has not been explored in detail. Also, with the premise that the coal cleats are initially saturated with water, and gas diffuses from the low permeable matrix into cleats during the production, one can imagine that the diffused gas has to form some discontinuous gas bubbles before gathering into the continuous phase. Li et al. (2012) has pointed out that the gas bubble can restrict fluid flow at bottlenecks in the cleat network, and it is necessary to identify the bubble water flow dynamics use an appropriate method. In the last decade, porescale modelling technique has developed rapidly and has become a powerful predictive tool in oil and gas industry. With a strong theoretical background, the lattice Boltzmann method (LBM) has made rapid progress since its appearance. It has become a numerically efficient technique for multiphase flow simulation (Aidun and Clausen, 2010; Ghosh et al., 2012; Gunstensen et al., 1991; He et al., 1999; Huang et al., 2011a; Shan and Chen, 1993; Swift et al., 1995) involving complex geometries (Ramstad et al., 2010) .
Research has also been done towards LBM simulation of multiphase flow with large density ratio. The free energy model developed by Swift et al. (1995) is one of the most commonly used models for multiphase flow with a low-density ratio. Based on this model, Inamuro et al. (2004) proposed an improved multiphase LBM that can tolerate high density, but it must solve a Poisson equation, which significantly reduces its efficiency. Later, Lee and Lin (2005) developed another LB model, but the LB equation for the interface cannot be completely recovered to the Cahn-Hilliard (CH) equation. Then, a revised lattice Boltzmann equation to recover the CH equation is proposed by Zheng et al. (2006) , which has relatively high efficiency and stability. However, this model is proved to be restricted to densitymatched binary fluids (Fakhari and Rahimian, 2010) . Recently, a modified new model considering the local density variation is developed by Shao et al. (2014) .
Researchers have also attempted to use LBM to simulate interfacial dynamics in porous materials, where fluid/solid interactions significantly influence the mass transport. Dong et al. (2011) studied the viscous fingering phenomena and found that the finger pattern changes with wettability. Ghassemi and Pak (2011) investigated the effects of various factors on relative permeability of porous media and found that the relative permeability of wetting phase is not affected by the pore geometry. Dou and Zhou (2013) reported an improved lattice Boltzmann model and applied it to investigate the influence of capillary number on relative permeability.
Although LBM has been well used to study multiphase flow for the last decade, the dynamic behaviours of bubble-water flow at pore-scale still need to be further addressed. In this paper, the LB model developed by Shao et al. (2014) and the partial wetting boundary condition (Briant, 2002) are applied to simulate bubble-water flow in coal cleats at pore-scale. The influences of coal wettability and capillary pressure on gas-water two-phase flow behaviours in a coal cleat are investigated. The paper is organised as follows: the extended LB model is introduced in section 2, the validation and the numerical simulation analysis are carried out in section 4 and finally a brief conclusion is presented in section 5.
Mathematical model 2.1Governing equations
The generalized Navier-Stokes equations (Takada et al., 2001; Zheng et al., 2006; Zheng et al., 2008) for an incompressible viscous fluid system and the interfacial capturing equation (Jacqmin, 1999 ) (Cahn-Hilliard equation) can be described as:
where is the pressure tensor, is the velocity vector, is the dynamic viscosity, is the external force, is the mobility, and is the chemical potential. and are defined as: (4) where, is the density of gas phase, is the density of liquid phase. In Eq. (2), the term is related to the surface tension force and can be expressed as,
where is the speed of sound. The chemical potential can be derived from the free-energy function (Zheng et al., 2006) , and it satisfies:
where is a coefficient that is related to the interface layer thickness and the surface tension. For homogeneous system, the bulk free-energy density per unit mass is chosen as a double-well form (Zheng et al., 2006) (7) where is the initial order parameter which is related to the equilibrium state, and it distinguishes the gas-liquid two-phase flow. The coefficients and are defined as,
Lattice Boltzmann method
The modified lattice Boltzmann equation (Zheng et al., 2006 ) using probability distribution function to explain Eq. (3) can be expressed as:
(10) with (11) where, is the equilibrium distribution function, the distribution function is used to compute the order parameter, is the lattice velocity (the value of the lattice velocity depends on lattice velocity model), is the dimensionless relaxation time, is the lattice time step and is a constant coefficient. When is set to one, The Eq. (10) will reduce to conventional lattice Boltzmann equation. The value of is determined by (Zheng et al., 2006) ( 12) The microscopic value (the order parameter ) is evaluated by (13) D2Q5 lattice structure ( Fig. 1 ) is used in this work during the propagation of the interfacial information. Thus, the corresponding discrete lattice velocities are (14) where , is lattice constant and is lattice time step. In addition, the equilibrium distribution function is, (15a) the coefficients are given as
Through the Chapman-Enskog expansion analysis, the interface capturing equation can be recovered from lattice Boltzmann equation (Eq. 9) with the accuracy of second order (Zheng et al., 2005) . Apart from using Eq. (10) for capturing interface, another set of lattice Boltzmann equations is used for the simulation of flow fields. D2Q9 lattice structure ( Fig. 1 ) is used and the lattice Boltzmann implementation of Eq. (1) and Eq. (2) can be described as (Shao et al., 2014) :
(16) with a collision parameter as (17) where the equilibrium distribution function can be written as: (18a) note that is the mean density defined as , is the local density, and
The equilibrium distribution functions satisfy the conservation laws as:
,
(20) Fig. 1 .Schematics of the D2Q5 (left) and D2Q9 (right) lattice models
In this model, the mean density is initialized as , while the local density can be calculated from the order parameter by .
2.3Wetting boundary condition
The contact angle of the fluid-fluid interface with the solid surface is commonly used to quantify the wettability of fluids to the solid. The contact angle between the solid surface and the gas-liquid interface, measured in the liquid, can be expressed as (Young, 1805) , (21) where is the liquid-gas interface tension, is the solid-liquid interface tensions, and is the solid-gas interface tension.
By minimising the surface free energy (Briant, 2002; Huang et al., 2008) , the gradient of the order parameter can be related to the wetting potential as:
(22) where ω is wetting potential. indicates the local unit outward normal to a solid surface.
The non-dimensional wetting potential is defined as and the relation between it and the equilibrium contact angle is: (23) According to Eq. (23), with a given equilibrium contact angle, we could get the value of non-dimensional wetting potential , then the wetting potential ω could be calculated straightforward. Based on the method suggested by Briant (2002) , the partial wetting boundary condition can be imposed to the solid surface through Eq. (22).
Model validation
In this section, three cases are carried out and the simulation results are compared with the analytical and published results to validate the present LB model.
Evaluation of surface tension
The first case is to verify the Laplace law which is given by:
where is the pressure inside the bubble and is the pressure outside the bubble, σ is the interface tension between the two phases, is the radius of the bubble.
The computational domain is filled with the liquid phase, and a stationary bubble is in the centre of liquid phase. The periodic boundary condition is used to all the boundaries. The density ratio is set to 1000 ( ), the interface layer width is 5lu, and the relaxation times are 7, respectively. The other parameters are fixed as interfacial tension , bubble mobility, . The units in this section are in lattice units if they are not specified. The basic lattice units are listed in Table 1 . To verify the Laplace law, the pressure jump across the bubble at equilibrium with the bubble radius from 20lu to 200lu is calculated. The pressure difference is plotted as a function of the curvature in Fig. 2 , and it can be seen that a good agreement between the analytical solution of Eq. (24) and numerical results. 
The results obtained by Takada et al. (2001) and Zheng et al. (2006) are used in this study for validation. Initially, a single bubble is located in the lower part of the flow field, and the Eotvos number (Bhaga and Weber, 1981 ) is introduced as: (26) where, is the bubble diameter, is the gravity. The comparisons of the terminal rising velocity for different Eotvos numbers are shown in Table 2 . It is observed that the present results and LBM simulation results from Takada et al. (2001) and Zheng et al. (2006) agree well with each other. Fig. 3 shows the comparisons of bubble shapes between this model and Takada's LBM model for different Eotvos numbers. It can be observed that the bubble shape changes from circular to ellipsoid and finally forms a mushroom shape as the Eotvos number increases (Fig. 3) . This is because when the Eotvos number is large, the influence of the interface tension becomes insignificant. It is also found that at small Eotvos numbers, the degree of bubble deformation is similar in both Takada's and current studies. While with the increase of Eotvos number, the degree of bubble deformation in the present model is more serious than that in Takada's LBM model. 
Evaluation of contact angle
The last case is to validate the implementation of the wetting boundary conditions. Four different theoretical equilibrium contact angles ( ) have been simulated based on Eq. (22) and Eq. (23). Initially, a droplet is resting on the solid surface. The parameters used in this case are the same as those in case two, and gravitational force is not considered. After the simulation reaches equilibrium, the simulated equilibrium contact angle values are calculated using the method provided by Huang et al. (2011b) . And the simulated results are 62.1°, 91.7°, 121.3° and 148.6°. All of them show good agreement with the theoretical values. Fig. 4 shows the comparison between the theoretical equilibrium contact angles and the numerical simulation solutions, and the results indicate that the wetting boundary conditions used in this study could correctly obtain different contact angles. 5 shows the two-dimensional (2D) geometries used in the following simulations, where a 2D capillary is filled with water and an immiscible methane gas bubble with radius R. Two different geometries are considered: a capillary with smooth inner surface and a capillary with solid barriers to create a narrow throat. The temperature is assumed as 25℃ and pressure is 6.83MPa. The other simulation parameters are listed in Table 3 . According to Eq. (22), different contact angles (The contact angles are measured in the liquid phase for the following simulations.) can be obtained by varying wetting potential ω. The liquid gets into the channel from the lower inlet and flows out from the upper outlet, and the periodic boundary condition is applied at inlet and outlet boundaries. The other boundaries are solid walls, where the bounce-back boundary condition is implemented. A constant external force is applied to gas and water phases along the direction. The velocity of the gas bubble is calculated by Eq. (25). Fig. 5 . Schematic illustration of simulation geometries, (a) a gas bubble is put at one side of the smoothed capillary tube, (b) a gas bubble is put in the middle of the smoothed capillary tube, (c) a gas bubble is put at one side of a capillary tube which has two solid barriers, (d) a gas bubble is put in the middle of the capillary tube which has two solid barriers. Fig. 6 shows the shape and dynamic of the bubble movement with different contact angles in a smoothed capillary tube, as shown in Fig. 5(a) . Initially, the bubble is spherical in shape and sticking to the surface. As the time progresses, the gas bubble moves upward from the bottom subject to a constant external force. The domain size is lattices. For a hydrophilic wall with a small value of contact angle, the contact area between the wall and the gas bubble gradually decreases with time, and the results are shown in Fig. 6(a) . At , the bubble is on the verge of detachment. Later, the bubble detaches from the surface and moves along the middle line. However, the mechanism of gas bubble motion is entirely different on a hydrophobic surface with a high contact angle since the wetting tendency of the gas bubble emerges as an additional factor influencing its motion. Fig.6(c) shows the shape of the gas bubble on the hydrophobic surface. For higher values of contact angle, instead of escaping from the surface, the bubble moves along the surface, and the deformation of the gas bubble is more prominent along the direction of motion. Moreover, the gas bubble tends to spread owing to wetting tendency as it moves along the surface and elongates. Kang et al. (2002) reported the effect of contact angle on the dynamic behaviour of a two-dimensional immiscible droplet in a channel. Similar behaviours have also been reported by Randive and Dalal (2014) . Previous studies have concluded that the wettability determines the water/gas distribution in the porous media and further influences the relative permeability as well as the gas production.
The simulation results of Fig. 6 once again qualitatively confirmed this conclusion from the description of a single gas bubble movement. Since the shape, distribution and movement of a gas bubble are entirely different in the hydrophobic and hydrophilic channels, one can expect that bunches of bubbles which come out from the coal matrix would have different flow patterns in different wettability conditions. Therefore, the gas/water relative permeability and production rate would also differ in various reservoirs. 
Effects of bubble size on bubble-water flow
A series of simulations with various bubble radiuses ( ) are performed to investigate the influences of bubble size on the bubble-water flow behaviour. During the simulation, the equilibrium contact angle is fixed at 68° (gas: wetting; liquid: non-wetting), which induces a hydrophilic surface, and the computational domain is lattices. Both the bubble stays at one side of the flow channel as shown in Fig. 5(a) and the bubble stays in the middle of the capillary as shown in Fig. 5 (b) are considered. A constant external force is applied to gas and water phases along the direction when a static bubble is formed. The simulation continues until the velocity of the bubble reaches constant.
From Fig. 7(a) , it can be seen that if the bubble is located at the sidewall, the bubble velocity is much smaller than the liquid velocity due to the fluid-wall interfacial tension. As the bubble size increases, the bubble velocity increases monotonically, while the liquid velocity decreases. This is because the slow move of the bubble that sticks on the solid surface hinders the liquid flow. Fig. 7 (b) shows the relationship between the fluid velocity and bubble size, where the bubble initially stays in the middle of the channel. It is observed that the bubble velocity is much larger than that in the first set of simulations, and the bubble velocity decreases slightly as the bubble size increases, while the bubble size has almost no influence on liquid velocity. This result matches well with the observations in Ghosh et al. (2012) 's study, in which a variation of bubble velocity with bubble diameter has been reported. The results shown in Fig. 7 emphasise the significance of bubble-water flow process during the CSG production. Since most of the desorbed gas molecules will gather into bubbles at the cleat surface and flow with continuous water before the two-phase continues flow is formed, a lack of this description might leads to an overestimation of the gas and water production. Fig. 7 .The dependency of fluid velocity on the bubble radius, (a) the bubble is set at one side of the capillary tube as shown in Fig. 5(a) , (b) the bubble is put in the middle of the capillary tube as shown in Fig. 5(b) .
4.2 Bubble-water flow in a capillary tube with barriers inside 4.2.1 Effects of capillary pressure on bubble-water flow As pointed out by Clarkson et al. (2011) and Zhang et al. (2015) , capillary pressure is essential in characterising the bubble-water flow behaviour in porous media. In this section, two sets of simulations are performed, based on the geometries shown in Fig. 5(d) and 5 (c) , respectively. The solid barriers have the same size, which is lattices, and the distance between two barriers is 21 lattices. The contact angle is set as , and thus the solid surface is water wet. The corresponding capillary pressure for the narrow throat is .
The pressure difference is set as . The simulation continues until the constant velocity of the gas bubble is obtained. Fig. 8 shows the time evolution of fluid velocity and snapshots of bubble-water flow patterns under the pressure difference . As shown in Fig. 8 (a1) and (b1), when the pressure difference is , the gas bubble couldn't enter the narrow channel because the capillary pressure is much larger than . In addition, if the bubble is located in the middle of the channel, it will block the flow path of both gas and water.. If the bubble stays at the sidewall, it will be trapped in the corner and won't block the narrow throat, so the water could still move in the channel. Once , the bubble could move into and leave the narrow throat quickly as shown in Fig. 8 (a3) and (b3). Furthermore, it is observed that an oscillation occurs in the average bubble velocity when the bubble is moving into and leaving the channel. Apparently, this fluctuation corresponds to the capillary pressure. After the bubble leaves the channel, the velocity keeps steady under the influences of both external force and the drag force. When the pressure difference equals capillary pressure, the bubble couldn't leave the narrow channel even with enough time, and both liquid velocity and bubble velocity decrease to zero. 
Effects of contact angle on bubble-water flow
According to the Young-Laplace equation, the capillary pressure of a pore throat is affected by the contact angle. Therefore, the ability of a non-wetting phase passes through the pore throat mainly depends on the contact angle. To examine the influence of contact angle on bubble-water flow behaviour, a serious of simulations with different equilibrium contact angles at a fixed external force are performed. The domain size is lattices, and the bubble radius is 20 lattices. The other parameters are shown in Table 3 . Initially, the bubble stays in the middle of the tube, 20 lattices away from the solid barriers, as shown in Fig. 5 (d) .
The dynamic process of gas bubble with six different contact angles is shown in Fig. 9 . For the case of strong water-wet ( ), the gas bubble passes through the narrow throat and then flow with water simultaneously in the channel, as shown in Fig. 9 (a) . For the gaswet ( ) case, the entirely different bubble behaviour has been observed, as shown in Fig. 9 (f). The gas bubble could get into and pass through the narrow throat, but instead of moving away from the solid barriers, the bubble is separated into two parts and trapped at the corners because of the existence of solid barriers. When the contact angle , the bubble is trapped at the outlet of the narrow throat and it blocks the flow path. With the decrease of the water wettability, as shown in Fig. 9 (d) and (e), after getting through the narrow throat, the bubble tends to stick on both sides of the capillary tube, and flow with water in the tube at the same velocity. The impact of contact angle on the gas displacement dynamics in a regular pore-network has been reported by Liu et al. (2013) . Since the contact angle varies across different coal rank (Mahoney et al., 2015) , even within the same rank, this behaviour is likely to have a significant impact on drainage rates and relative permeability in different coal seams. 
Effects of bubble size on bubble-water flow
In this section, we analysed the ability of gas bubble with different radius going through a narrow throat created by two solid barriers. As shown in Fig. 5 (d) , initially, a bubble stays in the middle of the flow channel. Once a static bubble is achieved, a constant external force, which is equal to the pressure gradient, is applied to all phases along the direction. The equilibrium contact angle is fixed at 68°, which means the solid surface is hydrophilic. The fluid velocity at outlet and bubble velocity are calculated. Fig. 10 shows the fluid velocity at four bubble radiuses ( ). At a very small bubble radius of ( Fig. 10(a) ), the bubble velocity increases when the bubble gets into the narrow throat and then it decreases when the bubble starts to leave the narrow throat. Finally the velocity reaches a steady-state value after the bubble leaves the narrow channel. At a moderate bubble radius of ( Fig. 10 (b) ), the bubble velocity increases with time at first, then decreases. It takes some time, for the bubble to leave the narrow channel before it reaches a steady-state. During this period the bubble and liquid achieve the same velocity which is close to zero. At a larger bubble radius of , as shown in Fig. 10  (c) , at the beginning, both the fluid velocity at the outlet and the bubble velocity increase, and then they decrease dramatically and reach zero. It can be seen that the bubble could get into and go through the narrow channel, but it could not leave the narrow channel since the drag force is smaller than the force between the bubble and solid barriers. For the largest bubble radius of , as shown in Fig. 10 (d) , the behaviour of the bubble is more complicated. The bubble gets into the narrow throat with an increased velocity and then it starts to leave the solid barriers with a decreased velocity. However, more time is necessary to detach the bubble from the solid barriers completely. 
Conclusions
Two dimensional numerical simulations are carried out to study the bubble-liquid flow behaviours in micro-cleats of coal using a free energy based multiphase lattice Boltzmann model. The proposed model is validated against the analytical and published results, followed by an application to investigate the effects of contact angle and capillary pressure on bubbleliquid flow in the single cleat. Based on the simulation results, it can be concluded that: (1) the bubble-water flow capacity in cleats highly depends on wettability of solid surface. At different contact angles, the gas bubble presents different shape and mobility; (2) for bubblewater flowing in a cleat with a narrow throat, the capillary pressure is vital in determining the fluid flow dynamics, which will further influence both drainage rates and relative permeability of the cleat system. All the above demonstrated that bubble dynamics significantly affect the bubble-water two-phase flow, and thus the relative permeability of coal seams are different from the conventional reservoirs. Therefore, in order to improve the practical CSG reservoir simulation and evaluation, more action is in urgent need to involve pore-scale bubble-water flow effects on relative permeability in current simulation tools.
